† Background and Aims According to the Grant -Stebbins model of pollinator-driven divergence, plants that disperse beyond the range of their specialized pollinator may adapt to a new pollination system. Although this model provides a compelling explanation for pollination ecotype formation, few studies have directly tested its validity in nature. Here we investigate the distribution and pollination biology of several subspecies of the shrub Erica plukenetii from the Cape Floristic Region in South Africa. We analyse these data in a phylogenetic context and combine these results with information on pollinator ranges to test whether the evolution of pollination ecotypes is consistent with the Grant -Stebbins model. † Methods and Key Results Pollinator observations showed that the most common form of E. plukenetii with intermediate corolla length is pollinated by short-billed Orange-breasted sunbirds. Populations at the northern fringe of the distribution are characterized by long corollas, and are mainly pollinated by long-billed Malachite sunbirds. A population with short corollas in the centre of the range was mainly pollinated by insects, particularly short-tongued noctuid moths. Bird exclusion in this population did not have an effect on fruit set, while insect exclusion reduced fruit set. An analysis of floral scent across the range, using coupled gas chromatography -mass spectrometry, showed that the scent bouquets of flowers from moth-pollinated populations are characterized by a larger number of scent compounds and higher emission rates than those in bird-pollinated populations. This was also reflected in clear separation of moth-and bird-pollinated populations in a two-dimensional phenotype space based on nonmetric multidimensional scaling analysis of scent data. Phylogenetic analyses of chloroplast and nuclear DNA sequences strongly supported monophyly of E. plukenetii, but not of all the subspecies. Reconstruction of ancestral character states suggests two shifts from traits associated with short-billed Orange-breasted sunbird pollination: one towards traits associated with moth pollination, and one towards traits associated with pollination by long-billed Malachite sunbirds. The latter shift coincided with the colonization of Namaqualand in which Orange-breasted sunbirds are absent. † Conclusions Erica plukenetii is characterized by three pollination ecotypes, but only the evolutionary transition from short-to long-billed sunbird pollination can be clearly explained by the Grant -Stebbins model. Corolla length is a key character for both ecotype transitions, while floral scent emission was important for the transition from bird to moth pollination.
INTRODUCTION
Pollinator-driven diversification of flowering plants is well established from phylogenetic evidence (Van der Niet and Johnson, 2012) . The evolutionary process that has resulted in this macroevolutionary diversity is thought to originate at the population level (Johnson, 2006 (Johnson, , 2010 . When plant populations adapt to different pollination systems, pollinator-mediated selection may result in divergence of floral traits which are involved in pollinator attraction, such as colour (e.g. Newman et al., 2012) and scent (e.g. Johnson et al., 2005; Steiner et al., 2011; Peter and Johnson, 2014) , and those involved in fit between plant and pollinator (e.g. Pauw et al., 2009; Boberg et al., 2014; Newman et al., 2014; Peter and Johnson, 2014) . The products of this process are pollination ecotypes (e.g. Armbruster, 1985; Robertson and Wyatt, 1990; Johnson, 1997b; Anderson et al., 2010) , which are often recognized as intraspecific taxonomic entities based on the same diagnostic floral traits as those that were under selection (e.g. Johnson, 1997b) .
The evolutionary process triggering the formation of ecotypes is thought to be based on two principles: (1) pollination efficiency is not equal among all pollinators and depends on interactions between floral traits and pollinator preferences and morphology (Stebbins, 1970) ; and (2) pollinators are not distributed evenly throughout the landscape (Grant and Grant, 1965) . According to these principles, which were combined into the 'GrantStebbins model' (Johnson, 2006 (Johnson, , 2010 , local adaption to different pollination systems results from a variable adaptive landscape, which is determined by pollinator distribution. A basic prediction that follows from the Grant-Stebbins model isthat the distribution of ecotypes should be determined by pollinator ranges. While this has been confirmed for ecotypes pollinated by different species of long-tongued flies (Johnson, 2010) and hummingbirds (Marten-Rodriguez et al., 2011) , most ecotype studies do not include the necessary information on both plant and pollinator ranges. Moreover, comparison of ranges is uninformative regarding the sequence of evolutionary events implied in the GrantStebbins model. Local adaptation to a new pollination system should follow an encounter with a new pollination niche, after either an extension of a plant's range or a change in a pollinator's distribution (cf. Johnson, 2010) . To evaluatewhether the evolution of pollination ecotypes was consistent with the Grant-Stebbins model therefore requires information regarding plant migration patterns (biogeography) and the direction of pollination system transitions, besides knowledge of pollinator ranges. This can be accommodated by implementing a phylogenetic approach, testing whether the shift to a derived pollination system coincided with the colonization of an area from which the ancestral pollination system was absent. Very few studies have evaluated the validity of the Grant-Stebbins model in natural systems according to this approach (but see Briscoe Runquist and Moeller, 2014) .
Pollinator-driven diversification appears to be more pronounced in certain biodiversity hotspots (Van der Niet and Johnson, 2012) . Given the presence of many large floral radiations (Johnson, 1996; Goldblatt and Manning, 2006; Valente et al., 2012) , the Cape Floristic Region (CFR) in the southwestern tip of Africa is considered such an example (Johnson, 2010) . Although pollinators have been identified as a major driver of speciation in the CFR (Van der Niet and , recent studies have suggested that their role may have been overestimated (Schnitzler et al., 2011) . Most studies of pollinator-driven divergence in the CFR have focused on geophytic plants (e.g. Johnson, 2010; Valente et al., 2012 ; but see Struck, 1997) . It is therefore still uncertain to what extent pollinators have been important for the radiation of other growth forms, such as shrubby plants, which form a considerable proportion of the CFR fynbos vegetation (Linder, 2003) .
With approx. 692 species, Erica is the largest CFR genus (Oliver and Forshaw, 2012) and often a dominant element of the vegetation. Floral variation in Erica is extensive and includes floral types that suggest pollination by birds and insects, specifically long-tongued flies, as well as by wind . Erica species are particularly important as one of the main nectar resources of the CFR endemic Orange-breasted sunbird (Rebelo et al., 1984; Geerts and Pauw, 2009) . A recent phylogenetic analysis of the genus revealed extensive evolutionary lability in floral form (Pirie et al., 2011) , an observation that is repeated below the species level (e.g. Oliver and Oliver, 2002) . This strongly implies an important role for pollinators as drivers of speciation and diversification in the largest shrubby CFR genus, which would confirm the status of the CFR as a key area for pollinator-driven speciation across angiosperm growth forms. In this study, we focus on several subspecies of Erica plukenetii, which harbour extensive floral variation. By linking pollinator observations with floral trait measurements, we test suggestions that E. plukenetii includes different pollination ecotypes (Oliver and Oliver, 2002) . We implement a phylogenetic approach to infer the direction of evolution of pollination ecotypes and biogeographic range shifts. In combination with information on the distribution of the pollinators of E. plukenetii, we use this to test whether pollination ecotypes originated according to the Grant -Stebbins model of pollinator-driven speciation.
MATERIALS AND METHODS

Study species and sites
Erica plukenetii L. (Ericaceae) is a woody shrub bearing flowers with a tubular corolla and exerted anthers. Erica plukenetii is highly variable in floral and vegetative traits. Several Erica species were reduced to synonyms of E. plukenetii by Oliver and Oliver (2002) on the basis that the variation between these species and E. plukenetii was continuous. According to the current taxonomy, five subspecies are recognized (Oliver and Oliver, 2002 Erica plukenetii is a typical element of montane fynbos communities (Goldblatt and Manning, 2000) . It occurs in the western part of the CFR in South Africa, and populations at the Spektakelpass in Namaqualand represent the northernmost locality for any Erica species of the CFR.
We studied the pollination biology and floral traits of E. plukenetii at five sites across its range (Supplementary Data  Table S1 ). Fieldwork was conducted during peak flowering, which lasts for only a few weeks, and the timing of which varies depending on the site. To increase the scent sampling for subsp. breviflora, we collected floral scent (see methods below) of an additional population at Groot Winterhoek. Voucher specimens from all study sites are deposited at the herbarium at the University of KwaZulu-Natal (NU; Pietermaritzburg, South Africa).
Herbarium collection measurements
To document the variation and the geographical distribution of key traits in E. plukenetii, we sampled 316 collections of this species, representative of the morphological variation, in the Compton herbarium (NBG; Cape Town, South Africa). We used a pair of digital callipers to measure corolla and pistil length as the distance from the base of a flower ( pedicel attachment) to the corolla entrance and stigmatic surface, respectively, on one flower per collection. We also measured the length of one synflorescence per collection. Finally, we documented the quarter degree grid square from which measured specimens were collected. observation period at dusk. Insects and birds were scored as visitors if they displayed active nectar-feeding behaviour (active pollen-collecting behaviour was never observed). Nectar robbing through a hole near the corolla base was distinguished from legitimate feeding through the flower entrance. Visitor observations were used to obtain a mean number of observed visitors per day at each site. To test whether visitor assemblages differed between sites, based on the total frequency of different visitors observed, we applied a x 2 contingency test in PAST version 2 . 15 (Hammer et al., 2001) .
We observed whether visitors ruptured the fused anther ring that is typical of virgin Erica flowers (Geerts and Pauw, 2011) while feeding, and whether this resulted in dusting of visitors with pollen. Finally, we observed whether the stigma made contact with the visitor at the site on which pollen had been deposited.
We caught pollinators using mist nets (birds) or hand-held nets (insects). We identified caught birds to species and measured the culmen length. We dabbed the area around the culmen base with fuschin gel (Kearns and Inouye, 1993) , which was subsequently melted onto a microscope slide and covered in the field. To confirm the presence of Erica pollen, slides were examined under a compound microscope and compared with a reference slide containing pollen of local E. plukenetii, which at each site was the dominant flowering Erica species. Caught insects were killed using ethyl acetate and identified to the lowest taxonomic rank possible. Proboscis length was measured and the presence of Erica pollen assessed according to the protocol given above. We tested whether the mean mouthpart dimensions of dominant visitors differed among sites using a one-way analysis of variance (ANOVA).
Flower handling time
To quantify variation in feeding efficiency of different bird visitors at Rooiberg, we recorded flower handling time. We counted the number of visited flowers and duration of a single feeding bout. A feeding bout was defined as the period between the first flower visit after arrival and the departure from the feeding position or a distinct pause in feeding behaviour. Flower handling times of different sunbird species were compared using a generalized linear model with a gamma error distribution and log link function implemented in SPSS 19 (IBM Corporation). Significance was assessed using likelihood ratios.
Visitor exclusion experiment
We tested the effect of insect and bird exclusion on fruit set at Agterwitzenberg in 2011 and 2012, respectively. During both years, we marked one inflorescence with ten unopened buds on plants scattered throughout the population. Marked inflorescences on 15 randomly chosen plants were covered with bags made from bridal veil to prevent insect and bird visitation. Twenty-four uncovered marked control inflorescences were located in the vicinity of the bagged plants. Birds were excluded by building cages made from plastic garden mesh (holes approx. 17 . 5 × 23 . 5 mm) around the inflorescences of 20 plants across the population. The selected mesh size represents an optimal compromise between excluding birds and providing unhindered access to the most common insect visitors at the site (T. Van der Niet, unpubl. data). Uncovered marked control inflorescences were located in the immediate vicinity of each of the 20 caged plants. Fruit set was scored as the number of fruits produced from the original number of marked flower buds (usually ten). To establish whether bagging and caging had a significant effect on the proportion of flowers that set fruit, these data were analysed using generalized linear models with a binomial error structure and logit link function, implemented in SPSS 19 (IBM Corporation).
Floral traits in the field
To test for an association between variation in pollination systems and plant traits considered relevant for pollinator attraction and mechanical fit, we quantified floral dimensions, synflorescence length, nectar, colour and scent of plants at each of the five study sites.
Floral and synflorescence dimensions. We measured corolla and pistil length in order to obtain insights into the fit between flowers and visitors, as previously described. Per population, five randomly chosen mature flowers from each of 20 plants were measured. We also measured the length of two synflorescences from each of 20 plants. To test whether these traits differed significantly between sites while accounting for potential correlations among flowers on the same plant, we used generalized estimating equations implemented in SPSS 19 (IBM Corporation). These models incorporated a Gaussian error distribution with identity link, an exchangeable correlation matrix, and included plant as the subject for repeated measures. Significance was tested using Score statistics. The significance of differences among treatment groups was tested using the Dunn -Sidak procedure. In addition, we explored covariation between flower and pollinator dimensions using univariate regressions based on population mean values.
Nectar. We measured nectar volume and sugar concentration during the daytime of a total of 10 -20 virgin flowers (determined from the presence of an unbroken anther ring; Geerts and Pauw, 2011) per population, each sampled from a different plant. Sugar composition was determined using high-performance liquid chromatography. Detailed methods are described in Van der Niet et al. (2010) . Nectar volume and sugar concentration were compared among sites using a non-parametric Kruskal -Wallis test, with subsequent pair-wise Mann -Whitney U-test comparisons. Owing to multiple comparisons, pair-wise tests were Bonferroni-corrected as implemented in PAST version 2 . 15 (Hammer et al., 2001) .
Colour. To establish whether there are associations between pollinators and flower colour, we assessed spectral reflectance over the UV -visible range (300 -700 nm) for a total of 6 -13 flowers per population, each sampled from a different plant, using an Ocean Optics USB2000 spectrophotometer and fibre optic reflection probe (UV/VIS 400 mm) according to the methods described in Johnson and Andersson (2002) . To control for structural variation, we averaged the reflectance of each flower from two measurements of the same point taken at 90 8 angles.
Scent sampling. Floral scent of E. plukenetii at the six study sites (including Groot Winterhoek) was sampled using dynamic headspace sorption methods during 2011 and 2012. Samples were analysed by coupled gas chromatography-mass spectrometry (GC-MS) on a Varian CP-3800 GC (Varian, Palo Alto, CA, USA) coupled to a Varian 1200 quadrupole mass spectrometer with a Varian 1079 injector equipped with a 'ChromatoProbe' thermal desorbtion device (Amirav and Dagan, 1997) . See Shuttleworth and Johnson (2009) for a detailed description of the sampling and GC-MS analysis methods, and Supplementary Data Table S2 for sample sizes and compound identification details. Samples were collected from single branches with flowers and leaves and from branches with just leaves. The latter were used to identify non-floral (green-leaf) volatiles. The number of flowers in each sample was recorded.
Scent profiles for the different populations were compared using non-metric multidimensional scaling (NMDS), and individual volatiles characterizing the scent of each population were identified using a similarity percentages (SIMPER) analysis, both implemented in Primer 6 version 6.1.15 (Clarke and Warwick, 2001; Clarke and Gorley, 2006) . The NMDS was based on relative amounts (%) of compounds and Bray -Curtis similarity. Data were square-root transformed prior to analysis to down-weight the influence of dominant compounds on the similarity calculations. Only samples collected in the afternoon were included to avoid possible effects of temporal variation in scent emissions. Differences in the scent profiles were tested using a one-way ANOSIM in Primer 6 version 6 . 1.15 (Clarke and Warwick, 2001; Clarke and Gorley, 2006) . Significance values were determined by comparison of the calculated R with values of R resulting from up to 10 000 random permutations of the labels for each individual scent sample (Clarke and Warwick, 2001) .
Differences between populations (excluding Bainskloof and Groot Winterhoek) in the total amounts of volatiles emitted and total number of compounds detected in samples were compared using generalized linear models either with a gamma error distribution and log link function (emission rates) or with a Poisson error distribution and a log link function (number of compounds), implemented in SPSS 19 (IBM Corporation). Significance was tested using likelihood ratios. The significance of differences among treatment groups was tested using the Dunn-Sidak procedure. Means and standard errors were backtransformed from the log scale for graphical presentation.
Phylogenetic methods
Taxon and molecular marker sampling. We analysed 19 samples of E. plukenetii (12 of subsp. plukenetii, five of subsp. breviflora and one each of subsp. lineata and penicellata; subsp. bredensis was not represented), broadly representative of the morphological variation and geographical distribution of the species across the CFR (Supplementary Data Table S3 ). Five outgroups were selected on the basis of previous phylogenetic analyses of the internal transcribed spacer regions of nuclear ribosomal DNA (ITS) (Pirie et al., 2011) and chloroplast (cp) DNA (M.D. Pirie, E.G.H. Oliver and D.U. Bellstedt, unpubl. res.): E. coarctata J.C. Wendl. and E. rubiginosa Dulfer, the putative sister clade of E. plukenetii; and more distantly related E. curtophylla Guthrie & Bolus, E. scytophylla Guthrie & Bolus and E. gracilipes Guthrie & Bolus. Voucher specimens for molecular analyses are lodged at the Compton Herbarium (NBG; Cape Town, South Africa) or at the herbarium at the University of KwaZulu-Natal (NU; Pietermaritzburg, South Africa). Accessions including voucher details are presented in Supplementary Data Table S3 .
DNA protocol, PCR and cycle sequencing. Leaf samples were dried in silica gel after collection and treated for direct PCR amplification following the method of Bellstedt et al. (2010) . ITSand cp-encoded markers [trnL intron/trnL-trnF spacer (hereafter trnLF) and the trnF-ndhJ spacer (hereafter trnF-ndhJ)] were PCR amplified and sequenced using primers ITSL/ITS4 (Baum et al., 1998) , C/F (Taberlet et al., 1991) and ndhJ/TabE (Shaw et al., 2007) , respectively. PCR programs followed Pirie et al. (2011) for ITS and Shaw et al. (2007) for the cp markers. Purification and sequencing of PCR products was performed following Pirie et al. (2011) .
Sequence alignment, indel coding and phylogeny reconstruction.
Sequences were aligned by hand and indels were coded using the simple indel coding method of Simmons and Ochoterena (2000) . Sequence and indel characters were analysed under parsimony using PAUP* 4 . 10b (Swofford, 2003) , with clade support estimated using non-parametric bootstrapping; and with MrBayes version 3.1.2 (Huelsenbeck and Ronquist, 2001) , using the CIPRES Portal version 3.3 (Miller et al., 2010) . The data set was partitioned according to cp nucleotide, ITS nucleotide and binary indel characters. Priors for the number of parameters in the DNA substitution models were determined using ModelTest (Posada and Crandall, 1998) and PAUP*. Erica gracilipes was selected as the outgroup. We performed two independent MCMC (Markov chain Monte Carlo) analyses of 5 million generations each, saving one tree per 1000 generations. The burn-in period and convergence of individual and combined runs were assessed using Tracer (Rambaut and Drummond, 2003) and MrBayes. Posterior probabilities (PPs) for clades were summarized from the post burn-in tree sample using MrBayes.
Ancestral state reconstruction. To infer the sequence and direction of shifts in plant traits and geographic distribution in E. plukenetii, we used ancestral state reconstruction in Mesquite (Maddison and Maddison, 2009 ), summarizing parsimony optimizations over 1000 trees from the post burn-in MrBayes output on the MrBayes majority rule consensus tree.
We coded samples for the following characters: (1) corolla length, coded as 0 . 0-3 . 0, 3 . 1-9 . 0, 9 . 1-22 . 0, .22 . 1 (all mm); the first class was defined to accommodate the outgroup species with very short corollas and the three latter classes were defined on the basis of the trimodal corolla length distribution as measured from herbarium collections (see the Results). (2) Scent present or absent, as mentioned on collector notes. Our own scent analysis supports the idea that the presence of scent is discernible and that this can be easily detected in the field. (3) Flowers red/pink or white. (4) Synflorescences short or long (this distinction was based on a visual assessment of whether flowers were clustered together in short synflorescences or spread along branches, which is clearly distinguishable). (5) Geographic distribution, with area coding following Oliver et al. (1983) : Bredasdorp, Southern, South Western, Cape Peninsula and Northern, with the addition of 'Far North' for the Namaqualand populations which are isolated from the more southerly Northern region by the intervening fynbos-inhospitable Knersvlakte. All characters were treated as unordered (Fitch parsimony; Fitch, 1971) .
RESULTS
Herbarium measurements
Three distinct corolla length classes were present among flowers of herbarium collections: short (5 . 0-9 . 0 mm), intermediate (9 . 1-22 . 0 mm) and long (22 . 1-32 . 0 mm) (Fig. 1) . Corolla and pistil length were strongly positively correlated (r ¼ 0 . 95, P,0 . 01, n ¼ 140). Corolla and synflorescence length were negatively correlated (r ¼ -0 . 41, P,0 . 01, n ¼ 283). The distribution of floral trait variation was geographically structured. Collections with long corollas were mostly from the extreme north of the distribution of E. plukenetii (Fig. 1) . Collections with short corollas were concentrated in the central western ranges, while collections with intermediate corollas occurred in the remainder of the range (Fig. 1) .
Floral visitor observations
We observed a total of 1496 visitorsto E. plukenetii flowers. The dominant legitimate visitors at each site during the daytime were short-billed Orange-breasted sunbird (Anthobaphes violacea) at Bainskloof, Silvermine and Hemel en Aarde; long-billed Malachite sunbird (Nectarinia famosa) at Rooiberg; and noctuid moths (mostly Helicoverpa armigera, occasionally Agrotis segetum and Pandesma robusta) at Agterwitzenberg (Fig. 2) . Nocturnal flower visits were only observed at Agterwitzenberg, by the same noctuid moths that visited during the day (Fig. 2) , even though moths were present at all sites. All dominant visitors carried E. plukenetii pollen, and the stigma made contact with the area where pollen was deposited on the visitor (Fig. 3) (Supplementary Data Video S1 and S2).
Less frequent visitors at Bainskloof, Hemel en Aarde and Silvermine were other sunbird species. At Bainskloof, monkey beetles (Hopliinae) were nectar robbers. Honey bee workers (Apis mellifera capensis) were nectar robbers at Bainkloof and Rooiberg (Fig. 3) .
At Rooiberg, Southern Double-collared sunbirds (Cinnyris chalybeus) were relatively frequent visitors. However, 50 % of their visits consisted of nectar robbing (Fig. 3) (Fig. 3) At Agterwitzenberg, Orange-breasted sunbirds visited during the daytime (Fig. 2 ). Although they visibly carried E. plukenetii pollen, the stigma was often not contacted during visits (Fig. 3) . Other visitors at Agterwitzenberg included butterflies (Vanessa cardui) (only in 2011), Carpenter bees (Xylocopa watmoughi, X. caffra and X. rufitarsis) and a small bee species (Fig. 2) Pollinator assemblages differed significantly between sites dominated, respectively, by Malachite sunbirds, Orange-breasted sunbirds or noctuid moths (x 2 ¼ 1749 . 2, P,0 . 01; Fig 2) .
Trait measurements
Floral and synflorescence traits. Both corolla and pistil lengths showed little variation within populations (Fig. 4) Table S4 ). Population mean values for corolla and mouthpart lengths were closely correlated (Fig. 4) . The mean pistil length was longer than the mouthpart of the dominant visitor. Mean + s.e. synflorescence length was significantly different among sites (x 2 ¼ 60 . 551, P,0 . 01) and was longest at Agterwitzenberg (9 . 46 + 1 . 01 cm, n ¼ 40), followed by Rooiberg (5 . 87 + 0 . 62 cm, n ¼ 40), Hemel en Aarde (4 . 99 + 0 . 30 cm, n ¼ 40), Bainskloof (3 . 42 + 0 . 37 cm, n ¼ 48) and Silvermine (3 . 26 + 0 . 24 cm, n ¼ 40). Pairwise comparisons revealed significant differences between Agterwitzenberg and all other sites, Bainskloof and Rooiberg, Hemel en Aarde and Silvermine, and Rooiberg and Silvermine (Supplementary Data Table S4 ).
Nectar. Nectar volume differed significantly among sites (Table 1 ) (H ¼ 24 . 86, P,0 . 01) and was significantly smaller at Agterwitzenberg than at each of the other sites apart from Silvermine, where the difference was marginally non-significant (Bonferroni-corrected P ¼ 0 . 055). There were no differences among the other sites. Sugar concentration also differed significantly (Table 1 ) (H ¼ 23 . 87, P,0 . 01) and was significantly lower at Rooiberg than at all other sites, apart from Silvermine where the difference was marginally non-significant (Bonferronicorrected P ¼ 0 . 079). Nectar in all populations was sucrose dominated, with small amounts of glucose (Agterwitzenberg and Rooiberg) and fructose (Bainskloof, Rooiberg and Silvermine) ( Table 1) .
Colour. Flower colour differed among sites and was sometimes variable within populations (Supplementary Data Fig. S1 ). To the human observer, flowers at Silvermine ranged from red to purple, and flowers at both Bainskloof and Rooiberg varied between red to purple and white. Flowers were uniformly white at Hemel en Aarde, where birds are the pollinators, as well as at Agterwitzenberg, where moths were the primary pollinators. Reflectance spectra for all populations exhibited high colour purity (chroma) with low total reflectance (seldom exceeding 25 %) and no UV reflectance (300-400 nm) ( Supplementary  Data Fig. S1 ). Table S2 ), seven of which were dominant (Table 2 ). In contrast, samples from Bainskloof, Hemel en Aarde, Rooiberg and Silvermine were similar to one another and to the non-floral leaf samples (Table 2; Supplementary Data Table S2 ). Scent composition of flower samples from the moth-pollinated sites Agterwitzenberg and Groot Winterhoek was significantly Fig. 5 ). Green-leaf samples from Agterwitzenberg clustered with the bird-pollinated group and not with the floral samples from this population (Fig. 5 ). Total emission rates were significantly higher in the moth-pollinated Agterwitzenberg population than in any of the bird-pollinated populations (x 2 ¼ 19 . 631, P,0 . 01; Fig. 5 ). This result was robust to the exclusion of green-leaf volatiles (x 2 ¼ 25 . 821, P,0 . 01). Similarly, the number of compounds produced was higher in the two moth-pollinated populations (Agterwitzenberg and Groot Winterhoek) than in the birdpollinated populations (x 2 ¼ 129 . 034, P,0 . 01; Fig 5) .
Phylogeny reconstruction and ancestral state reconstruction
Erica plukenetii is strongly supported as monophyletic (Fig. 6) . Neither of the subspecies for which multiple samples were included was monophyletic. The root node of E. plukenetii is characterized by medium length corollas, and scentless pink or red flowers on short synflorescences. We infer a minimum of one shift to white, scented flowers with short corollas on long synflorescences, and one shift to flowers with long corollas with ambiguity in colour (Fig. 6) . The ancestral area of E. plukenetii was inferred to be in the Southern CFR (Bredasdorp area) with a shift to the Northern region in the most recent common ancestor of subsp. plukenetii and subsp. breviflora (Fig. 6) . One to several shifts to the South-Western region and/or Cape Peninsula occurred within subsp. plukenetii. The shift to long corollas coincided with a shift to the Far North (Fig. 6) . In most reconstructions, few shifts in state were apparent and reversals were not apparent, with the exception of flower colour (independent shifts to white) (Fig. 6) .
DISCUSSION
In this study we have shown that the extensive variation in floral traits that characterizes E. plukenetii is consistent with the presence of three pollination ecotypes. A broad distinction can be made between pollination by sunbirds vs. insects. Traits which consistently vary according to these pollination systems are corolla length, floral scent, synflorescence length and nectar quantity, but not flower colour.
Erica plukenetii, excluding subsp. breviflora, has long been suggested as a typical representative of bird-pollinated plants in the CFR, based on traits such as lack of detectable floral scent, large volumes of nectar and red flower colour (Marloth, 1913; Vogel, 1954) . Our observations confirm this idea, although flower colour was variable, even within bird-pollinated populations  Supplementary Data Fig.  S1 ). An additional trait that characterizes bird pollination is the short length of the synflorescence, which facilitates efficient bird-feeding behaviour from a perched position. Geerts and Pauw (2009) divided plant species from the CFR pollinated by sunbirds into distinct pollination guilds, based on a bimodal distribution of floral tube length. Species with long floral tubes are hyperspecialized for pollination by long-billed Malachite sunbirds, while species with shorter floral tubes are pollinated by short-billed sunbird species. Our study is the first to recognize intraspecific flower divergence in corolla length associated with pollinator specialization for these two different sunbird pollination guilds, representing two pollination ecotypes. Although flowers with long corollas were also visited by (Clarke and Warwick, 2001) .
Mass fragments for unknowns are listed with the molecular ion first (if known) marked with *, followed by the base peak and other fragments in decreasing order of abundance.
short-billed sunbirds, these visits were not efficient with regards to flower handling time and plant -pollinator contact. In addition, these visits were often associated with nectar robbing, consistent with observations by Geerts and Pauw (2009) . We therefore consider long-billed sunbirds as the main pollinator of the form with long corollas, an observation that was repeated at four additional sites across Namaqualand (T. Van der Niet, unpubl. res.) . Flowers with intermediate corollas were mainly pollinated by short-billed Orange-breasted sunbirds. Despite the relatively low number of observations, these were repeated consistently in three study populations, and at several other sites (P. Barnard, A. Heystek and S. Geerts, pers. comm.). Our findings of associations between floral divergence and different nectarivorous bird pollinators mirror those of neotropical hummingbird systems, where tube length variation tracks bill length variation of the local hummingbird species both above (McDade, 1992) and below the species level (Temeles and Kress, 2003; Marten-Rodriguez et al., 2011) . Plants with short corollas, scented white flowers, long synflorescences and small quantities of nectar, a combination of traits ) and (C) total number of compounds detected in samples from each site (mean + s.e.); grey ¼ sunbird pollination and black ¼ moth pollination. In (B) and (C), symbols with the same letters are not significantly different at the 5 % level (see text for analysis details). largely overlapping with subsp. breviflora, were mainly pollinated by insects, consistent with the suggestion of Oliver and Oliver (2002) . As the noctuid moth Helicoverpa armigera was by far the most common visitor during both the daytime and evening, we tentatively classify subsp. breviflora as a specialized moth pollination ecotype. Our observations constitute a first report of moth pollination in Erica , although it has been assumed for other Erica species which are known to produce strong (evening) scent (Marloth, 1913; Vogel, 1954) . Helicoverpa armigera is a known pollinator of other CFR plants, some of which are also visited by bees and the butterfly species V. cardui (Johnson, 1997a; Goldblatt et al., 2004) . Indeed, one of the most striking features that these plants have in common, apart from white flowers, is strong scent production (Johnson, 1997a; Goldblatt et al., 2004) . The inference of three pollination ecotypes is based on correlational evidence, rather than experimental evidence of local adaptation (cf. Johnson and Steiner, 1997; Pauw et al., 2009; Newman et al., 2012) . Nevertheless, our results are consistent with an interpretation of adaptive divergence. Variation in corolla length is strongly associated with variation in the length of visitor mouthpart. A match between corolla length and visitor mouthpart is important for plant-pollinator fit, and therefore likely under pollinator-mediated selection (e.g. Johnson and Steiner, 1997; Anderson and Johnson, 2008; Pauw et al., 2009) . Floral scent is clearly divergent between the bird-and moth-pollinated ecotypes. Absence of scent is commonly associated with bird pollination (Vogel, 1954; Knudsen et al., 2004) . Although not completely unscented, the compounds identified from the bird-pollinated samples were mostly also detected in the leaf samples, suggesting that they may be non-floral volatiles. In contrast, flowers of the moth-pollinated ecotype produced a diverse blend of volatiles that were not detected in the leaf samples. Additionally, these compounds were emitted during the day and in the evening, consistent with the period of moth activity, while the emission of green-leaf volatiles decreased markedly during the evening (Supplementary Data Fig. S2 ). Finally, the six compounds that most clearly characterized the scent of the moth-pollinated flowers (methyl benzoate, 3-phenylpropanal, 3-phenylpropanol, caryophyllene, humulene and methyl anthranilate) were found to elicit a strong electrophysiological response in preliminary electro-antennographic experiments conducted with the antennae of two moth species (Helicoverpa armigera and an unidentified species) collected on E. plukenetii subsp. breviflora flowers (T. Van der Niet and A. Shuttleworth, unpubl. res.) . These results strongly suggest a role for scent in the evolution of the moth-pollinated ecotype.
The phylogenetic analysis strongly supports monophyly of E. plukenetii, and is thus consistent with the hypothesis of ecotypes (cf. Turesson, 1922) . Despite the limited phylogenetic resolution, the evolution of floral traits that distinguish pollination ecotypes can be inferred from ancestral character state reconstructions. The root node is characterized by a suite of traits indicative of pollination by short-billed sunbirds. Reconstructions of floral traits are consistent with shifts in the pollination system away from Orange-breasted sunbird to moth pollination in the samples largely containing subsp. breviflora, and to pollination by long-billed Malachite sunbirds within subsp. plukenetii. The sampling of some subspecies is limited, but additional sampling is not likely to change these inferences, as floral traits of the other subspecies are all indicative of pollination by Orange-breasted sunbirds. Shifts away from bird pollination were thought to be relatively uncommon (e.g. Wilson et al., 2007) . However, a recent meta-analysis showed that such shifts have occurred in several lineages, most frequently towards moth-pollination ( Van der Niet and Johnson, 2012) . The shift to Malachite sunbird pollination is associated unambiguously with the colonization of the northern region. The shift to moth pollination was not associated with a biogeographic shift, although the lack of resolution in the clade containing subsp. breviflora and plukenetii limits strong biogeographical inferences. An in-depth phylogeographic analysis might be more informative regarding migration patterns among populations of this clade.
The shift to Malachite sunbird pollination in E. plukenetii is consistent with pollinator-driven divergence according to the Grant -Stebbins model (Grant and Grant, 1965; Stebbins, 1970; Johnson, 2010) . Orange-breasted sunbirds are currently absent from the northern region [South African Bird Atlas Project 2 (sabap2.adu.org.za/index.php)] (Fig. 1) . Colonization of this area was therefore probably accompanied by a change in pollinator environment. Malachite sunbirds are common throughout the distribution of E. plukenetii (South African Bird Atlas Project 2), and visit flowers with intermediate corollas. When these long-billed sunbirds are the dominant visitor, selection for more efficient pollination probably drives the evolution of long corollas (e.g. Nilsson, 1988) . The question of why short-billed Southern Double-collared sunbirds did not replace short-billed Orange-breasted sunbirds as primary pollinators, given that the former are present in Namaqualand, may be answered by Malachite sunbird behaviour. Geerts and Pauw (2009) showed that the presence of Malachite sunbirds negatively affected feeding behaviour of Southern Double-collared sunbirds. We also observed Malachite sunbirds frequently interfering with the feeding of Southern Double-collared sunbirds at Rooiberg, where other nectar resources are sparse at the time of E. plukenetii flowering.
The shift to moth pollination is not consistent with the GrantStebbins model (Johnson, 2006; . The current distribution of Orange-breasted sunbirds throughout most of the current range of subsp. breviflora suggests that the shift to moth pollination has not been driven by the absence of Orange-breasted sunbirds (Fig. 1) . This is based on the assumption that the current distribution of ( potential) pollinators is representative of the adaptive landscape under which the shift occurred. Without further knowledge of potential historical shifts in pollinator distribution, this assumption remains untested. However, our population-level approach was specifically aimed at studying pollinator-driven divergence as an active process, thereby minimizing the potential for large range shifts since the time of divergence. Further studies of the timing of divergence events between pollination ecotypes may reveal whether divergence was, in fact, relatively recent (cf. Rymer et al., 2010) .
An alternative explanation to the Grant -Stebbins model for the shift to moth pollination is that it was driven by selection that was not determined by pollinator ranges. Individuals of subsp. breviflora are distinct not only in floral traits, but also in growth form and habitat (T. Van der Niet, unpubl. results). Bird-pollinated E. plukenetii occur on mountain slopes and are mostly low-growing shrubs characterized by short internodes. In contrast, subsp. breviflora occurs on sandy flats, and plants consist of a few long and slender branches. The latter growth form may represent a habitat adaptation, but might pleiotropically be a disadvantage for efficient bird pollination. Indeed, observations of sunbird behaviour at Agterwitzenberg showed that birds struggle to feed from flowers, because the thin branches provide insufficient support (Fig. 3) . Moths manoeuvred efficiently on the long branches while feeding from flowers. However, given that other moth-pollinated plants are characterized by relatively compact inflorescences (e.g. Goldblatt et al., 2004) , similar to the ancestral condition in E. plukenetii, the evolution of increased synflorescence length is perhaps more easily explained as 'anti-bird' selection rather than 'pro-moth' selection (cf. Castellanos et al., 2004) . This is consistent with the hypothesis that the pollinator shift was the result of modification of plant traits for reasons other than pollination.
The two independent pollinator shifts in E. plukenetii provide novel evidence for pollinator-driven divergence in shrubby lineages that dominate fynbos vegetation in the CFR. This implies that these processes are not restricted to geophytic clades such as Iridaceae (Goldblatt and Manning, 2006; Valente et al., 2012) and Orchidaceae (Johnson et al., 1998; Waterman et al., 2011) . The role of pollinators as major drivers of diversification in the species-rich CFR was recently called into question in an analysis of sister species of four major CFR clades (Schnitzler et al., 2011) . Those authors scored taxa using broadly defined pollinator categories, for instance pooling all sunbirds into a single character state. If this coding had been applied to our study, we would not have identified the shift between sunbird pollination guilds.
An important question that remains is whether ecotypic pollinator divergence ultimately results in lineage diversification. Factors for which population-level divergence leadsto completion of the speciation process should be variable both above and below the species level. The floral lability observed in our populationlevel study, combined with that shown in a macroevolutionary analysis of Erica (Pirie et al., 2011) , suggests that pollinatordriven diversification may have played an important role in Erica diversification, resulting in extensive floral diversity. A powerful way of assessing the role of pollinators in genus-wide diversification would be to perform a formal statistical analysis of correlated evolution between pollination systems and floral traits (cf. Smith, 2010) , for which more pollinator observations are needed. In E. plukenetii, non-pollinator-driven processes may have also driven divergence. Interestingly, unlike some other studies (e.g. Johnson and Steiner, 1997) , pollination ecotype and taxonomic boundaries did not coincide in this system. Erica plukenetii subspecies with similar floral morphologies can be distinguished on the basis of vegetative characters, perhaps indicative of adaptation to different habitats (e.g. Van der Niet and Johnson, 2009) . Ultimately, it remains to be tested whether any type of ecological divergence is sufficient for the evolution of reproductive isolation. Future studies should therefore quantify whether barriers to gene flow coincide with ecotype boundaries.
Conclusions
In this study we used an integrative approach to test whether pollinator-driven divergence was consistent with the GrantStebbins model. In particular, implementation of phylogenetic methods contributed a novel perspective on intraspecific divergence. The explicit recognition of ancestral and derived pollination systems, in combination with plant biogeography and pollinator distributions, provides a suitable tool for testing the Grant -Stebbins model. The factor which determines the adaptive landscape implied in the Grant -Stebbins model, the variable pollinator climate, is likely to affect divergence among multiple taxa which depend on a particular pollinator. The most powerful way of testing the validity of the GrantStebbins model would therefore involve a phylogenetic analysis of pollinator shifts across multiple, unrelated taxa that occupy similar pollination environments (e.g. Newman et al., 2014) . The South African flora, with its relatively well-documented specialized pollination guilds (Johnson, 2010) , would provide a highly suitable model system.
We presented evidence for two pollination system shifts in E. plukenetii, one of which matched the Grant -Stebbins model, while the other did not. Alternative models of pollinatordriven divergence at the population level, in which the adaptive landscape is not determined by pollinator ranges, need to be considered. Potential factors that may determine the adaptive landscape in these alternative models are the presence of other plant species competing for pollination (e.g. Armbruster et al., 1994) , including close relatives (e.g. Hopkins and Rausher, 2012) , or interactions between pollination and other niche axes such as habitat variation or presence of herbivores (e.g. Hanley et al., 2009) .
The identification of ecotypes often starts with taxonomists' observations of intraspecific floral trait variation and their expert judgement about species delimitations (Oliver and Oliver, 2002) , which in this study were verified by molecular data that confirmed the monophyly of a group of plants with highly divergent floral morphology. The classical taxonomic literature and natural history collections of plants and pollinators thus provide an invaluable starting point for the generation of evolutionary hypotheses about ecotypes which can then be tested by field observations and experiments. SUPPLEMENTARY DATA Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Table S1 : localities of field sites for pollinator observations, including Groot Winterhoek which was only visited for scent sampling. Table  S2 : relative amounts of compounds identified by GC-MS analysis from headspace samples taken from flowers and leaves of E. plukenetii. Table S3 : accessions table for samples used in the phylogenetic analyses, including GenBank accession numbers for sequences, and locality information. Table S4 : significance values of pairwise post-hoc tests for synflorescence length, corolla length, pistil length and mouthpart length among the five study populations. Figure S1 : spectral reflectance of the corolla in the UV -visible range. Figure S2 : temporal variation in the total amounts of the two dominant green-leaf volatiles and the six floral volatiles emitted by flowers of the moth-pollinated ecotype of E. plukenetii at Agterwitzenberg. Video S1: Helicoverpa armigera visiting E. plukenetii subsp. breviflora at Agterwitzenberg. The moth moves about the synflorescence and probes a flower with pumping movements. While withdrawing the proboscis, the anther ring is disturbed (visible as a white slit appearing suddenly at the tip of the stamens). Video S2: manipulated disturbance of the anther ring of E. plukenetii subsp. breviflora using a preparation needle. Insertion of a needle in a manner similar to that of a moth probing with its proboscis causes the release of a puff of white pollen grains, here visible twice.
